ABSTRACT. Feeding and nutritional condition of first-feeding walleye pollock larvae Theragra chalcogramma were compared to available prey levels measured during early spring (late April-early May) and mid-spring (mid-May) 1989. In early spring, feeding intensity, mean RNNDNA values of larvae, and microzooplankton abundance were higher within a large patch of larvae compared with areas outside the patch. In mid-spring, microzooplankton prey abundance, feedmg levels and RNA/DNA of larvae m and out of the previously defined patch were higher, indicating better overall conditions for growth than in early spring. The results suggest that limiting food densities may occur during spring over spatial and temporal scales that affect feeding and growth of larval pollock.
INTRODUCTION
Walleye pollock Theragra chalcogramma form dense spawning aggregations during late March to mid-April in Shelikof Strait, Gulf of Alaska. The resultant patches of eggs and developing larvae drift generally southwest along the continental shelf of the Alaska Peninsula (Kendall et al. 1987 , Kendall & Picquelle 1990 . Larvae begin to feed about 5 to 6 d after hatching, primarily upon naupliar stages of copepods (Kamba 1977 , Nishiyama & Hirano 1983 ,1985 , Dagg et al. 1984 , Kendall et al. 1987 , Nakatani 1988 . Maximum numbers of copepod nauplii occur in the upper 45 m (Incze et al. 1990) and are generally coincident with the depth of first-feeding pollock larvae (Kendall et al. 1987 .
The ratio of ribonucleic acid (RNA) to deoxyribonucleic acid (DNA) has been demonstrated to be a reliable and sensitive indicator of recent growth and general nutritional condition for larvae of several marine fish species (Buckley 1979 , 1980 , 1981 , Buckley et al. 1984 , Clemmensen 1987 , Robinson & Ware 1988 . The DNA content per cell is relatively constant and has been useful as an indicator of cell number or biomass (see Bulow 1987 for review) . RNA content, consisting mostly of ribosomal RNA, reflects precursory biochemical processes for protein synthesis and growth. The ratio of RNA/DNA reflects the recent metabolic history of a larva and is primarily determined by temperature and feeding conditions.
Detectable changes in RNA/DNA occur within a few days from the onset of starvation in the laboratory (Buckley et al. 1984 , Clemmensen 1987 , Robinson & Ware 1988 , Richard et al. 1991 . Several studies have compared RNA/DNA of larvae starved in the laboratory with those captured in the field (Setzler-Hamilton et al. 1987 , Robinson & Ware 1988 , Hovenkamp 1990 . A positive relationship of RNA/DNA to prey abundance has been shown for striped bass larvae , and larvae of Atlantic cod and haddock (Buckley & Lough 1987) . Conversely, low RNA/DNA values may imply that prey densities are too low for optimal growth of fish larvae. Previous studies did not attempt to quantify nutritional condition, as evidenced by RNA/DNA ratios, as a function of ingestion by fish larvae.
Our objective was to examine the relationships between microzooplankton abundance, feeding intensity of larvae, and the nutritional status of first-feeding walleye pollock. The detection of a dense patch of larvae during sampling provided spatial and temporal contrasts with areas outside the patch. The results indicate a linkage between food availability, feeding, and growth during an early period of larval development.
METHODS
Field collections. Ichthyoplankton samples were collected during 2 research cruises: Cruise 2MF89 (27 April to 2 May) and Cruise 3MF89 (9 to 16 May 1989) aboard the NOAA research vessel 'Miller Freeman' (Figs. 1 & 2) . A grid of stations spaced 10 n miles apart, extending from northern Shelikof Strait to the Semidi Islands, was sampled during each cruise using a MARMAP double oblique tow (Posgay & Marak 1980 ) with a 60 cm bongo sampler fitted with two 333 Lm mesh nets. Tows were taken to 100 m where depths permitted, and were profiled by a bathykymograph mounted to the net harness. Pollock larvae from one of the bongo nets were counted aboard ship for approximations of larval abundance. Contents of the other net were preserved in 2 % buffered formaldehyde (5 % formalin) in seawater for later processing and gut content analyses. Shipboard counts of larvae from 88 stations during Cruise 2MF89 determined the presence of a large patch of larvae and eggs (ca 1600 km2) within the sampling grid (Fig. 1) . Patch boundaries were designated where the number of larvae captured per tow fell below 2000 lorn-'. An ARGOS satellite-tracked drifter, drogued at 45 m, was deployed near the center of the abundance of larvae during Cruise 2MF89. The drifter trajectory and location provided an approximate area for resampling the patch of larvae. Sampling procedures were similar during Cruise 3MF89, except that 117 stations were sampled and the patch was defined by stations having more than 1000 larvae which allowed for a decline in numbers of 50 % between the 2 sampling periods, occurring at a rate of about 6 % d-l.
Microzooplankton were sampled from 0 to 60 m in 10 m increments with 10 1 Niskin bottles deployed in a rosette sampler coupled with a Seabird continuous temperature and depth (CTD) monitoring system. Four stations (2 in patch/2 out of patch) were sampled once during Cruise 2MF89. Two stations (1 in patch/l out of patch) were each occupied 3 times for die1 sampling during Cruise 3MF89 (Fig. 2 ). Samples were concentrated on 40 pm mesh Nitex sieves, and then rinsed into storage jars containing 2 % buffered formaldehyde in seawater.
Larvae for RNA/DNA samples were collected by a 60 cm bongo net with brief vertical tows from 0 to 60 m at stations inside or outside of the patch. Live pollock larvae between 5.0 and 7.0 mm were immediately removed and sorted over ice to prevent autolytic loss of nucleic acids. Larvae were quickly measured to the nearest 0.1 mm with an ocular micrometer, then placed in 1.5 ml polyethylene centrifuge tubes and frozen at -80 OC. Total time from collection to freezing did not exceed 10 min.
Laboratory procedures. Standard lengths (SL) of preserved pollock larvae between 5.0 and 7.0 mm were measured to the nearest 0.1 mm using a dissecting microscope with an ocular micrometer. The entire digestive tract from each larva was dissected under high magmfication and gut contents briefly stained with a 200 pg m l l solution of Alcian Blue to enhance contrast. Prey items in the gut were assigned to 6 prey categories: copepod nauplii, copepod eggs, euphausiid nauplii, unidentified crustaceans, unidentified eggs, and unidentified other. Prosome lengths were measured to the nearest 5.0 pm on all intact nauplii.
Food rations ingested by pollock larvae in and out of the patch locations were estimated from gut contents. We assumed that ingestion and gut evacuation rates were constant for the types and amount of food consumed during the daily feeding period. Daily food consumption (D) was estimated by a modified version of Bajkov's (1935) equation: where A = mean amount of food during the feeding period; and n = gut passage time in hours. We assumed that a 16 h feeding period given by Dagg et al. (1984) for pollock larvae in the southeastern Bering Sea during May was similar for larvae in Shelikof Strait. Therefore, ration estimates were derived only from larvae collected between 06:OO and 22:OO h. The digestion time was assumed to be 5.0 h. Observations of gut passage time by first-feeding pollock larvae ingesting Acartia spp. nauplii at 6 O C (Canino & Bailey unpubl.) support the 5.0 h digestion time reported by Paul (1983) for larvae to clear their guts of copepod nauplii while continuing to feed on rotifers at 5.5 OC.
Weight-specific rations, as fractions of body dry weight or carbon ingested per day, were estimated for first-feeding larvae from inside and outside of the patch stations. Carapace lengths of nauplii from gut contents from each cruise and location were assigned to 12 prey size categories ranging from 100 to 400 pm in 25 pm increments. Prey size distributions in the guts were not significantly different between cruises or locations (Kolmogorov-Smirnov test, p > 0.1). Copepod nauplii were assumed to be Pseudocalanus spp., because adults of this species dominate the copepod assemblage in Shelikof Strait during early May (Siefert & Incze 1991) . Mean carbon weight for each prey category was apportioned based on values for naupliar N1-N6 stages of Pseudocalanus given by Davis (1984) and Landry & Lorenzen (1989) . The frequency of prey in each size class was multiplied by a mean dry weight or carbon weight for that class and then summed to provide an average total prey weight in terms of dry weight or carbon. The dry weight of a 5.5 mm pollock larva (143.6 pg) was predicted from the regression equation given by Yamashita & Bailey (1990) for fieldcollected larvae; carbon weight of larvae was estimated to be 44.5 % of dry weight (Harris 1985) .
A sequential enzymatic digestion procedure modified from Bentle et al. (1981) was used to determine nucleic acid contents. Individual pollock larvae were homogenized in pre-chilled glass homogenizers in 300 or 400 p1 of 1M NaCl depending on size. Two replicate 100 p1 aliquots were combined with 1 rnl of 5 pg ml-I ethidium bromide solution, 400 p1 of deionized, distilled water, and 15 pl of 10 mg m l l Protease K solution (Sigma, Type XI, fungal) in 12 X 75 mm borosilicate test tubes. All solutions were kept at 0 O C in an ice bath during these procedures to prevent autolytic degradation of nucleic acids.
Samples were incubated at 37 O C for 1 hi allowed to cool for 5 min, then 500 ml of buffer (80 mM TRIS, 3.2 mM CaClz, 4.0 mM MgClz, pH = 7.5) were added to each tube. Initial fluorescence values were measured with a Shimadzu Model RF-540. spectrofluorophotometer at excitation and emission wavelengths of 365 nm and 590 nm, respectively.
Samples were then treated with 5 [d of 5 mg ml-I RNase solution (Sigma, Type I-A, bovine pancreas), vortexed, and incubated for 40 min at 37 OC. The tubes were allowed to cool for 5 min before sample fluorescence was remeasured. Five p1 of 1 mg m l l DNase (Sigma, Type 11, bovine pancreas) were added to each tube, samples were incubated another 30 min at 37 OC, and final sample fluorescence values were measured.
Fluorescence due to RNA was determined by subtracting middle fluorescence values from initial readings after correcting for reagent blanks. Fluorescence due to DNA was calculated after correcting for a 4 % contamination of the RNA standard by DNA (Bentle et al. 1981) . Nucleic acid concentrations were determined from standard regression curves for RNA (Sigma, Type 111, Baker's yeast) and DNA (Sigma, Type I, calf thymus) run with each assay. Concentrations of the standards were determined spectrophotometrically following perchloric acid hydrolysis as outlined by Bentle et al. (1981) .
Microzooplankton were identified under a dissecting microscope. We determined from initial examination of the sample whether or not it should be subdivided before analysis. Samples were examined in entirety when they contained fewer than about 300 organisms; otherwise, we used subsamples of not less than 25 % of the original sample. Most of the analysis focussed on copepod nauplii. Total body length, excluding appendages, and minimum body width were measured on all nauplii that were counted. In addition, total body length and prosome length were measured for comparison on 90 individuals. All measurements were made and data stored with a computer imaging system that provided routine replication of measurements to within 4 pm (Incze et al. 1990 ).
RESULTS
Stomach contents of 342 pollock larvae were examined from samples obtained during Cruises 2MF89 and 3MF89 (Table 1) . Dietary composition by cruise and location was determined for larvae 5.0 to 7.0 mm in length from the later cruise (3MF89) but was restricted to larvae 5.0 to 6.0 mm in length from the earlier cruise (2MF89) due to insufficient numbers of fish in larger size classes.
Copepod nauplii and eggs comprised the bulk of the diet, averaging 93.0 and 5.5 % of total prey, respectively, for all collections. Prosome lengths of prey nauplii ranged from 125 to 400 pm with a mean of 210 pm. Few prey remains were unidentified in larvae from the earlier cruise (2MF89) and percentages of unidentified prey increased only slightly in diets of the larger larvae sampled in the later cruise (3MF89).
Microzooplankton concentrations were analyzed from samples taken from 0 to 40 mi the depth strata where most pollock larvae occur in Shelikof Strait (Kendall et al. 1987) . Average microzooplankton densities from 0 to 40 m in depth for stations inside the patch and outside of the patch during cruise 2MF89 were 23.1 and 12.5 nauphi 1 , respectively (Fig. 3) . During Cruise 3MF89, average concentrations for inside the patch and outside of the patch stations were 26.0 and 20.9 nauplii 1 ' . Microzooplankton consisted almost entirely of copepod nauplii and eggs. The prosome lengths of nauplii ranged from 100 to 300 pm with a mean length of ca 200 pm.
The mean number of prey per larva ranged from 2.25 to 9.32 (Table 1) and increased as a function of larval size for all collections (Fig. 4) . Differences in the number of prey larva1 between cruise and location and their interaction were compared using a nested analysis of covariance (ANCOVA) with larval standard length as the covariate (Table 2) . Initial comparisons showed no significant interaction effects between cruise and location with larval standard length and those terms were omitted to provide a more robust model. Pollock larvae from Cruise 2MF89 stations outside of the patch contained significantly lower numbers of prey than larvae from Cruise 2MF89 stations inside the patch or larvae of similar size from either location in Cruise 3MF89. Slight differences between times of collection during Cruise 2MF89 had no significant effect upon the number of prey ingested by pollock larvae when incorporated in the ANCOVA model (F = 3.27, p > 0.05). The mean number of prey larva1 from Cruise 2MF89 inside the patch, while greater than 2MF89 outside the patch samples, was significantly lower than values from either location during Cruise 3MF89, Daily food rations for larvae from both cruises ranged from 7.2 to 27.9 prey larva1 d l (Table 3) . Weight-specific rations ranged from 1.8 to 7.2 % of body dry weight d i and 1.6 to 6.5 % of body carbon d l . Pollock larvae from out of patch stations during Cruise 2MF89 had the lowest rations while larvae from stations in the patch, and from both loca- tions during Cruise 3MF89, had significantly higher rations.
RNA/DNA values exhibited similar trends to feedmg intensity by cruise and location (Table 4 ). The ratios increased with larval standard length in all areas during both cruises. Pollock larvae sampled from stations outside of the patch during Cruise 2MF89 had the lowest mean RNA/DNA value (1.56) from all locations. RNA/DNA values from larvae inside the patch from Cruise 2MF89 were significantly higher than those for larvae sampled outside of the patch stations during the same cruise (Fig. 5 ) and were lower than RNA/DNA values from either location during Cruise 3MF89 (Fig. 6) . The highest mean RNA/DNA recorded m this study (2.45) was for larvae from inside the patch during Cruise 3MF89, but this value was not significantly higher than from mean RNA/DNA from samples taken outside of the patch during the same cruise (ANCOVA, p > 0.1).
, A-. (Harris 1985) CTD profiles conducted at grid stations on the same days as RNA/DNA sampling during both cruises did not show obvious stratification in temperature or ut distribution between stations inside or outside of the larval patch (J. Schumacher, Pacific Marine Environmental Laboratory, Seattle, pers. comm.). Water temperatures from 0 to 40 m ranged from 2.8 to 3.7 O C with a mean of 3.4 O C during Cruise 2MF89 and averaged ca 1 O C higher during Cruise 3MF89.
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DISCUSSION
Our results suggest that the timing and distribution of seasonal copepod production may have a significant effect upon the feeding and growth of pollock larvae. Gut analyses from this study confirm other reports (Kamba 1977 , Clarke 1978 , Nishiyama & Hirano 1983 , 1985 , Dagg et al. 1984 , Kendall et al. 1987 ) that copepod nauplii are the most important food item during the initial stages of feeding. Microzooplankton densities, excluding those from out of patch stations during late April-early May, were similar to those given by Incze et al. (1990) for the same area during early May 1987 and were slightly higher than those reported for the southeastern Bering Sea by Dagg et al. (1984) during late May 1981.
The gut contents of pollock larvae exhibited a clear relationship with food concentrations. Average integrated prey densities at all stations during mid-May were nearly double those found at stations outside the patch during the earlier cruise, but were not very different from those found inside the patch during Cruise 2MF89. In general, gut fullness was positively related to food concentration, with the highest mean number of prey larva-' in this study occurring in areas of highest microzooplankton abundance.
Observed RNA/DNA values and reduced feeding intensity in areas of lower naupliar concentration suggest that some degree of food-limited growth occurred during late April-early May. First-feeding larvae hatched from eggs reared in the laboratory at 6 O C have RNA/DNA values ranging from 1.6 to 1.8, which rapidly decline if feeding is not initiated by the time yolk absorption is completed; pollock larvae which have been starved for 7 d have RNA/DNA values of ca 1.0 and will not recover even if fed (Canino & Bailey unpubl.). Mean RNA/DNA values for larvae outside of the patch during late April-early May are approaching these starvation levels. Incipient growth is reflected in larval RNAIDNA ratios from mid-May, when food densities were higher. The overall range of RNA/DNA values determined for pollock in this study is similar to those reported for field-captured larvae of striped bass , Setzler-Hamilton et al. 1987 , Pacific herring (Robinson & Ware 1988) , and plaice (Hovenkamp 1990) , although somewhat less than those for older cod and haddock larvae given by Buckley & Lough (1987) . While a number of laboratory studies (Buckley 1979 , 1981 , Buckley et al. 1984 have established relationships between larval fish growth rate, RNAIDNA, and temperature at different food levels, there are relatively few data available for wild larvae. Buckley (1984) Robinson &Ware 1988) , indicate that all larvae sampled during Cruise 2MF89 were below the critical ratio (Ran = 3.14), and only 8 to 11 % of larvae sampled during Cruise 3MF89 had positive growth rates (Rent = 2.95).
The calculations suggest that ambient food concentrations, while high enough to initiate feeding, were not adequate to sustain growth of larval pollock. One additional problem in the interpretation of these results is that quantitative knowledge of RNA/DNA values and growth as functions of ingestion by larval fish is lacking; prey concentrations in laboratory cultures typically exceed realistic field densities by at least an order of magnitude, making comparisons between the two somewhat tenuous.
Weight-specific rations calculated from laboratory measurements of larval respiration (Incze et al. 1984) or larval ingestion (Yamashita & Bailey 1989 ) range from 21.5 to 29 % of body dry weight d-I. Incze et al. (1984) estimated that post yolk-sac pollock larvae would require a carbon-specific ration of ca 15.0 % d l to meet requirements for metabolism and growth. Assuming that the mean carbon weight of a prey nauplius is 0.14 pg C, a 5.5 rnm larvae would require about 69 nauphi d-' for maintenance and growth. This estimate is close to the ration of 75 nauplii d 1 for pollock larvae in the Bering Sea determined by Clarke (1984) , but much lower than the estimated ration of 161 nauphi d-I for Atlantic cod Gadus morhua larvae in the Irish Sea (Thompson & Harrop 1991).
Our estimates of daily rations for pollock larvae during mid-May, ca 27 prey larva1 d l , are most comparable to the ration of 18.3 prey larva1 d 1 deter-mined from gut contents for first-feeding pollock larvae in the southeastern Bering Sea (Dagg et al. 1984) . It is of interest to note that food rations for larval pollock calculated from gut contents are consistently lower than estimates derived from measuring bioenergetic rates in the laboratory; either method may be subject to several sources of error. Calculations of daily food consumption in this study did not include the small contributions of copepod eggs and unidentified prey items to the diet or losses due to evacuation during capture and, therefore, may underestimate rations to some extent. The assumption of constant rates of ingestion and gut passage for pollock larvae is probably simplistic. Elliott & Persson (1978) noted that gut cleanng rates for many fish are exponential and that application of Bajkov's (1935) equation to gut contents would underestimate food consumption in these cases. Yamashita & Bailey (1989) described exponential rates of ingestion and gastric evacuation of pollock larvae feeding on rotifers that were dependent upon the size of the larvae and the amount of ingested food. However, exponential rates of gut evacuation based upon comparable numbers or weight of naupliar prey are not available, and may differ considerably from those obtained with soft-bodied rotifers.
The prey densities necessary to support growth of pollock larvae may be approximated from estimated food rations and assumptions about capture success. Although there is evidence that gadoid larvae may feed more effectively than other marine fish larvae at low food concentrations (Ellertsen et al. 1981 , Paul 1983 , Clarke 1984 , first-feeding pollock may not have high capture efficiencies. Tilseth (1984) found that Gadus morhua larvae searched a mean volume of 4.57 1 ' d 1 with a mean capture success of 15.2 % during the first 4 d of feeding. Assuming that pollock larvae have a similar search volume, capture efficiency, and 16 h of feeding during May, average food densities of 190 prey I"' and 139 prey 1 ' would be required to provide specific rations of 21.5 % of body dry weight d 1 and 15.0 % of body carbon d l , respectively. These calculated requirements greatly exceed average naupliar abundance measured in Shelikof Strait and the southeastern Bering Sea. In contrast, average prey densities of 39 to 58 prey 1 ' would be sufficient to provide daily rations of 18 to 28 prey larva1 d ' estimated from gut contents in field studies (Dagg et al. 1984, this study) . These estimates are still slightly higher than typical microzooplankton densities in the area (Incze et al. 1990) , and may be influenced by bias in ration estimates. It is also recognized that integrated nucroplankton abundance reported in this study do not accurately represent ambient prey availability to the larvae; patchiness of food distributions may have a greater influence than average abundance in determining whether adequate rations for growth are attained.
Larval mortality rates for most pelagic fishes are commonly high. Meso-scale spatial/temporal matches or mismatches between first-feeding larvae and their prey can have significant effects upon rates of feeding, growth, and subsequent survival. Even relatively small differences in larval mortality rates may result in considerable variation in juvenile recruitment (Houde 1987) .
Microzooplankton concentrations, larval gut contents, and RNA/DNA values indicate that better conditions for the feeding and growth of larvae occurred during mid-May; eggs spawned ca 2 wk earlier in the season may have reached first-feeding stages when microzooplankton densities outside of the larval patch were insufficient to support growth. These results indicate that starvation may be a significant source of mortality during certain periods, but perhaps more importantly, gut contents and RNAIDNA values for larvae in areas of low food concentrations infer suboptimal growth and extended duration at size which may contribute to predation mortality in the early larval stages.
